The pioneering studies of Albert Einstein[@b1] introduced one of the most important parameters in the field of solution rheology: the *relative viscosity* (*η~r~*), defined as the ratio of the solution viscosity (*η*) to that of the solvent (*η~s~*). Einstein indeed derived an expression for the relative viscosity of a suspension of hard spheres at low volume fractions (i.e. ): *η~r~* = 1 + 2.5*ϕ*. This was the spark that led to a myriad of studies[@b2][@b3][@b4][@b5] seeking to find the *yet undefined* laws governing the rheology of highly concentrated (i.e. for ) suspensions.

With the advent of polymer physics, scientists established i) that, for very dilute polymer solutions, the viscosity increases above the solvent viscosity linearly with the polymer mass concentration, *c*, and ii) that the effective 'virial expansion\' for relative viscosity is: *η~r~* = 1 + \[*η*\]*c* + *κ~H~*\[*η*\]^2^*c*^2^ +\..., where \[*η*\] is the so-called intrinsic viscosity and *k~H~* is the Huggins coefficient[@b6]. The intrinsic viscosity can be seen as the linear extrapolation to zero concentration of the *reduced viscosity η~red~* ≡ (*η~r~* − 1)/*c*, when this is plotted against mass concentration.

The ability to determine the intrinsic viscosity of polymers from rheological measurements became of interest to a broad scientific community when it was found that \[*η*\] is simply related to the polymer molecular weight (*M*) by means of the Mark--Houwink equation: \[*η*\] = *KM^α^*, where *K* and *α* are two constants that have been tabulated for a variety of polymers in various solvents[@b7][@b8]. Over the time, both the concentration dependence of *η~r~* and the resulting \[*η*\] have been correlated, both theoretically and experimentally, to the size, shape, mass and intermolecular interactions of the solute molecule[@b6][@b7][@b8][@b9][@b10][@b11][@b12][@b13], and to the solvent 'quality\'; hence the importance of their knowledge.

Conventionally, there are two popular methods for measuring *η~r~*: the first is based on the use of an Ubbelohde viscometer, which requires the measurement of the liquids\' efflux times through a thin capillary of known geometries; the ratio between the measured times of a pair of fluids is simply proportional to their *η~r~*[@b14]. The second method involves the measurement of the liquids\' steady speeds of deformation (i.e. the shear rates) occurring as consequence of a known applied constant stress; the ratio between the measured shear rates provides a measure of the relative viscosity of two fluids, if the stress is kept the same in both the measurements.

Despite their simplicity, both of the above methods require tens of millilitres of sample volume, resulting in being unsuitable for rare or precious materials such as those involved in biological studies[@b15][@b16][@b17][@b18][@b19]. This emphasises the importance of *new* experimental methods[@b20][@b21][@b22] for measuring *η~r~*, as the one we are going to propose here, by means of optical tweezers (OT). Indeed, like other microrheology techniques[@b23][@b24][@b25], the presently proposed technique only requires a few microlitres of sample volume per measurement and provides a straightforward and accurate procedure for measuring the relative viscosity of solutions -- and therefore the materials\'s molecular weight *via* their intrinsic viscosity *plus* the Mark--Houwink law. We demonstrate how this result can be achieved by means of a simple analysis of the normalised position autocorrelation function of an optically trapped bead, with the added advantage of avoiding laborious calculations that would involve either Laplace/inverse-Laplace *or* Fourier transformations of discrete time-dependent experimental data[@b26][@b27][@b28][@b29][@b30].

In order to validate the proposed method, we have determined the molecular weight of two known polyacrylamides (PAMs) by means of their intrinsic viscosities, which have been extrapolated from relative viscosity measurements, performed with OT, on water-based solutions of the two PAMs at different concentrations, as described hereafter. Moreover, we report measurements of the relative viscosity, over a wide range of concentrations, for water-based solutions of the polysaccharide glucuronoxylomannan (GXM), which is a major constituent of the capsule of the *Cryptococcus neoformans* and a well-characterised virulence factor with immunomodulatory properties[@b16][@b31]. The proposed method has been validated by direct comparison with conventional bulk rheology techniques for all three the above systems.

Results and Discussion
======================

When a micron-sized spherical particle is suspended into a fluid at thermal equilibrium, and is constrained by the stationary harmonic potential generated by OT, the particle\'s stochastic trajectory (see [Fig. 1](#f1){ref-type="fig"}) is governed by both the thermal fluctuations of the surrounding fluid\'s molecules and the restoring force exerted by OT. Therefore, a statistical analysis of the bead trajectory has the potential of revealing both the trap stiffness (*κ*) and the fluids\' linear viscoelastic properties[@b30][@b32][@b33][@b34][@b35][@b36]. In the simplest case when a particle of radius *a* is suspended into a Newtonian fluid (i.e. a fluid with constant viscosity *η*), the particle normalised position autocorrelation function (NPAF, see [Fig. 2](#f2){ref-type="fig"}) assumes the form of a single exponential decay[@b30]:where *λ* = *κ*/(6*πaη*) is the characteristic relaxation rate of the compound system (also known as the "*corner frequency*"[@b37]). In the NPAF definition, the brackets indicate the average taken (by time-translation invariance) over all initial times *t*~0~ within a single trajectory, *τ* is the lag-time (or time interval (*t* − *t*~0~)), *x*(*t*) is the one dimensional particle position from the trap centre (which is assumed to be coincident with the origin of the coordinate system), and 〈*x*^2^〉*~eq~* is the equilibrium variance of the bead position. Notably, for *sufficiently* long measurements (i.e., much longer than *λ*^−1^), 〈*x*^2^〉*~eq~* can in fact be used to calibrate the trap stiffness[@b30], by appealing to the Principle of Equipartition of Energy:where *k~B~* is the Boltzmann\'s constant and *T* is the absolute temperature. Notice that, such calibration method is independent from the rheological nature of the fluid under investigation, i.e. from its Newtonian/non-Newtonian character. However, when changing the suspending fluid (e.g., by changing concentration) or the laser properties (e.g., the laser power), the calibration procedure to determine *κ* must of course be repeated, because variations of the experimental conditions will affect the measured variance 〈*x*^2^〉*~eq~*, hence the stiffness *κ*.

From [equation (1)](#m1){ref-type="disp-formula"}, with a simple change of variables, it is possible to write:where *τ*\* = *τκ*/(6*πaη~s~*) is a *dimensionless* lag-time containing the pure solvent Newtonian viscosity *η~s~*. (Hereafter the solvent is simply water, with *η~s~* = 0.896 *mPa* · *s*.) It follows that, in an *A*(*τ*\*) *vs* *τ*\* plot, by drawing a horizontal line starting from the ordinate *e*^−1^, the abscissa of its intercept with *A*(*τ*\*) provides a *direct reading* of the solution relative viscosity *η~r~*. Notably, in the case of pure solvent (water), the abscissa of the intercept of *e*^−1^ with *A*(*τ*\*) is 1. In [Figure 2](#f2){ref-type="fig"}, we show the results of such 'graphical procedure\', for water-based solutions of polyacrylamide (*M* = 1.145 *MDa*) at concentrations ranging from 0% *w*/*w* (pure water) to 1% *w*/*w*, hence also well beyond the dilute limit.

In general, polymer solutions as those employed in this work are non-Newtonian, especially at relatively high concentrations where the viscosity may not be constant, particularly at high frequencies (or high shear rates). It follows that [equation (1)](#m1){ref-type="disp-formula"} may not be valid for those solutions, at least not for all concentrations. In dilute conditions, however, at relatively low polymer concentrations, most of solutions tend to show a Newtonian behaviour over a wide range of shear rates (e.g. see inset of [figure 3](#f3){ref-type="fig"}), and this is especially so towards vanishingly small values of concentration, which *coincidentally* are the same conditions required for measuring \[*η*\]. Hence, the applicability of [equations (1)](#m1){ref-type="disp-formula"} and [(3)](#m3){ref-type="disp-formula"} for measuring *η~r~*, and therefore \[*η*\], is confirmed in those conditions.

When considering more concentrated solutions, we can argue as follows. It is always possible to write the NPAF in the general form:The above described graphical procedure will therefore stay valid in general, i.e. for whatever solution concentration, if the following two conditions are met: i) , where *τ~D~* is the fluid\'s longest relaxation time and *λ*~0~ = *κ*/(6*πaη*~0~) is the system corner frequency evaluated with the solution zero-shear viscosity *η*~0~; ii) , where is a dimensionless time equals to *τ~D~*/(6*πaη~s~*/*κ*). Condition ii) simply states that the *A*(*τ*\*) function decays exponentially beyond , and, more importantly, that its 'initial decay\', i.e. below , is *small* when compared to its 'complete decay\', up to *A*(−) = 1/*e*. When taken together, therefore, conditions i) and ii) simply state that there exists a *large* range of lag-times , where the decay described by [equation 4](#m4){ref-type="disp-formula"} is in fact indistinguishable from one mathematically described through [equation 3](#m3){ref-type="disp-formula"}. (Notice that, for the elastic component of the OT dominates the particle dynamics whatever the nature of the surrounding fluid).

It is clear that, with the two just mentioned conditions fulfilled, the graphical procedure illustrated above will work properly even under non-dilute conditions, which, as a matter of fact, is the situation shown in [Figure 2](#f2){ref-type="fig"}. Of course, in rheological investigations, the fulfilling of conditions i) and ii) above is uncertain prior of performing the measurements, simply because the parameters *τ~D~* and *η*~0~ are yet unknown. As a practical recipe, therefore, we should simply look, when measuring the NPAF, to the linearity of the log-linear plot of *A*(*τ*\*) *vs* *τ*\*; if linearity is there (as it is, e.g., in [Figure 2](#f2){ref-type="fig"} bottom panel), then *η~r~* can be directly obtained, irrespective of other rheological measurements aimed to ascertain the Newtonian/non-Newtonian nature of the solution under investigation.

In order to validate the proposed method, in [Figure 3](#f3){ref-type="fig"} we compare the relative viscosity measurements obtained form OT, as described above, with those gained from a conventional stress-controlled rheometer of water-based solutions of two polyacrylamides having molecular weights of 1.5 *kDa* and 1.145 *MDa*. Quantitative agreement between micro- and bulk-rheology is apparent. Notice that, for both the PAMs, the concentration dependence of the relative viscosity obey the theoretical predictions of the concentration scaling-laws for linear polyelectrolytes[@b11]: i.e., *η~r~* ∝ *c*^0.5^ for the semi-dilute regime () and *η~r~* ∝ *c*^1.5^ for the entangled regime (). The entanglement concentrations *c~e~* for both the PAMs at the transition between such two regimes can also be clearly identified: i.e., *c~e~* = 12.4 *g*/*dl* and *c~e~* = 0.38 *g*/*dl*, respectively. Notably, the ratio between these two values (i.e., ) is in good agreement with the theoretical prediction[@b11] of *c~e~* ∝ *M*^−0.5^, which in this case results in: . The conclusion, as anticipated above, is that the relative viscosity direct reading ("*at a glance*") through [equation (4)](#m4){ref-type="disp-formula"} plus conditions i) and ii) is quite reliable, even though our polymer solutions are rather far from their infinite dilution limit. Once the relative viscosities of the solutions are known, it is a simple step to reorganise the data in terms of reduced viscosities *η~red~*, as shown in [Figure 4](#f4){ref-type="fig"}. The linear extrapolation of *η~red~* to zero concentration provides a *reading* of the PAMs\' intrinsic viscosities. These, as introduced earlier, are simply related to the polymers molecular weight by means of the Mark--Houwink equation, which for water-based solutions of polyacrylamides can be written as[@b38]:where the above two equations are valid for PAMs with low () and high () molecular weights, respectively. In [Table 1](#t1){ref-type="table"} we report the results obtained by substituting the values of \[*η*\] derived from [Figure 4](#f4){ref-type="fig"} in both [equations (5)](#m5){ref-type="disp-formula"} and [(6)](#m6){ref-type="disp-formula"} and compare them with the nominal values of the molecular weights provided by the supplier; the agreement is good, especially when considering the respective range of validity of the two equations.

Having established the efficacy of the new method, we proceed to measure the relative viscosities of an important biological solution, for which conventional rheology is almost prohibited due to the sample volumes availability. Specifically, we have investigated solutions of glucuronoxylomannan (GXM), which is a polysaccharide extracted from clinical isolates of the fungus *Cryptococcus neoformans*. GXM is a major constituent of the capsule of the *Cryptococcus neoformans* and a well-characterised virulence factor with immunomodulatory properties[@b16][@b31].

Using optical tweezers, we have measured the relative viscosities of purified GXMs dissolved in ultra-pure water, at concentrations ranging from 0.002 *g*/*l* to 10 *g*/*l*, as shown in [Figure 5](#f5){ref-type="fig"} (top). In particular, the solutions were prepared with GXM exo-polysaccharide isolated from *in vitro* culture of seven clinical *C. neoformans* isolates. From the results shown in [Figure 5](#f5){ref-type="fig"} (top), together with the master curve shown in its inset (where the same data are scaled horizontally by an arbitrary factor *β*), one can infer the existence of a common physical process governing the concentration scaling-laws of *η~r~* for all the GXM solutions investigated. In this regard, it is interesting to notice the clear existence of two power-laws governing the concentration dependency of *η~r~*, which are typical of rod-like polymer solutions: i.e., *η~r~* ∝ *c*^0.5^ for the semi-dilute regime and *η~r~* ∝ *c*^3^ for the entangled regime[@b10]. Notably, these results are supported by scanning electron microscope images, which reveal the existence of rod-shaped GXM crystals, as shown for example in [Figure 5](#f5){ref-type="fig"} (bottom) for two samples obtained from clinical *C. neoformans* isolates PH9 (A) and PH13 (B).

Finally, in order to provide further experimental evidence of the validity of the proposed microrheology method for measuring *η~r~*, we compare micro- and bulk-rheology measurements of *η~r~* for two GXM strands derived from clinical isolates of *Cryptococcus* PH31 and PH48, as shown in [Figure 6](#f6){ref-type="fig"}. The close agreement between the results obtained from two distinct techniques (i.e., OT and Ubbelohde) provides additional confidence to the effectiveness of the method.

In conclusion, we have introduced and validated a simple experimental method for measuring the relative viscosity of solutions with optical tweezers, by means of a direct visual inspection ('*at a glance*\') of the particle normalised position autocorrelation function. It should be emphasised that all the rheological results obtained in this paper come from 'single-run\' OT experiments, but are nevertheless very accurate, as shown by the comparison with the results obtained through classical standard techniques.

The advantages of the proposed method rely not only on its simplicity, but also on its microrheology nature (i.e. it requires micro-litres sample volume), which makes it of great interest to all those studies where rare and precious materials are involved, such as biomedical studies.

Methods
=======

Optical tweezers
----------------

The optical tweezers are built around an inverted microscope, where the same objective lens (100×, 1.3 numerical aperture, oil immersion, Zeiss, Plan-Neouar) is used both to focus the trapping beam and to image the thermal fluctuations of a 5 *μm* diameter silica bead positioned at least 30 *μm* far from the closest wall (i.e. the glass coverslip). Optical trapping is achieved by means of a titanium-sapphire laser with a 5*W* pump (Verdi V5 laser; Coherent Inc.), which provides up to 1*W* at 830 nm. A complementary metal-oxide semiconductor camera (Dalsa Genie HM640 GigE) takes high-speed images of a reduced field of view. These images are processed in real-time at using our own LabVIEW (National Instruments) particle tracking software[@b39]. All the measurements were performed at a temperature of 25°*C* ± 0.2°*C*.

Rheological Measurement
-----------------------

Rheological measurements were performed by using a stress-controlled rotational rheometer (Anton-Paar Instrument MCR-302) able to detect torque values down to \~0.1 *μNm*. The rheometer was equipped with a solvent trap to avoid evaporation, and with a cone and plate geometry of 50 *mm* diameter and 1° angle. All the measurements were performed at a constant temperature of 22°*C* ± 0.01°*C*.

Scanning Electron Microscopy
----------------------------

Scanning electron microscope (SEM) images of the GXMs solutions were taken after drying them at room temperature on glass coverslips, the samples were then sputtered coated with approximately 3 *nm* of AuPd prior to viewing on a Hitachi S3000 scanning electron microscope with a maximum resolution of 3.5 *nm* at 25 *kV*.

Fluids
------

Two polyacrylammides (PAMs, from Polysciences Inc.) having nominal molecular weight of *M~w~* = 1, 500 *Da* and of *M~w~* = 1, 145, 000 *Da* were used to prepare aqueous solution at mass concentrations ranging from ≈5% *w*/*w* to ≈40% *w*/*w* and from ≈0.1% *w*/*w* to ≈1% *w*/*w*, respectively. The solutions were stirred at 200 *rpm* for 48 *h* at room temperature.

The protocol for the production and purification of the Glucuronoxylomannan (GXM) from the capsule of the *Cryptococcus neoformans* has been described by Robertson E.J. *et al.*[@b16]. GXMs solutions were prepared by dissolving purified GXMs in ultra-pure water. The explored concentrations range from 0.002 *g*/*l* to 10 *g*/*l*. The solutions were stirred at 200 *rpm* for 2 *h* at room temperature.
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![Optical Tweezers and particle trajectory.\
(Left) A schematic representation of an optically trapped bead within a harmonic potential *E*(*r*), where *κ* and *r* are the trap stiffness and the bead position from the trap centre, respectively. (Right) The *y*-component of the trajectory of an optically trapped bead of 2.5 *μm* radius (*a*) suspended in water over a period of 50 *ms*. The inset shows the same component as before, but over the entire experiment of 22 *min*.](srep08831-f1){#f1}

![The particle normalised position autocorrelation function.\
(Top) Linear-Log plot of the normalised position autocorrelation function *A*(*τ*) *vs.* lag-time *τ* of a microsphere suspended in water and water-based solutions of polyacrylamide (*M* = 1.145 *MDa*) at concentrations ranging from 0.1% *w*/*w* to 1% *w*/*w*. (Bottom) Ln-linear plot of the same data as shown above, but drawn *vs.* a dimensionless lag-time *τ*\* = *τκ*/(6*πaη~s~*), where *η~s~* is the solvent viscosity. The ordinate axis has been limited to the region of interest, i.e. *A*(*τ*\*)∈\[*e*^−1^,1\].](srep08831-f2){#f2}

![Comparison between micro- and bulk-rheology measurements of the relative viscosity.\
The relative viscosity *vs.* concentration of water-based solutions of two polyacrylamides having molecular weights of 1.5 *kDa* (bottom axis) and 1.145 *MDa* (top axis). The filled and the open symbols refer to bulk- and micro-rheology measurements of *η~r~*, respectively. The white symbols indicate the error bars of the bulk-rheology measurements. The lines are best fits of the power laws. The entanglement concentrations are indicated by the dot-lines for both the PAMs: i.e., *c~e~* = 12.4 *g*/*dl* and *c~e~* = 0.38 *g*/*dl*, respectively. The inset shows two examples of shear viscosity measurements performed on two solutions having the highest concentrations of PAMs explored in this work, i.e. *c* = 32 *g*/*dl* and *c* = 1 *g*/*dl*, respectively.](srep08831-f3){#f3}

![Extrapolation of the intrinsic viscosity.\
The reduced viscosity *vs.* concentration derived from the data shown in [Figure 3](#f3){ref-type="fig"}. The lines are linear fits of OT data. The linear extrapolation of *η~red~* to zero concentration provides a *reading* of the PAMs\' intrinsic viscosities.](srep08831-f4){#f4}

![Microrheology of Glucuronoxylomannan solutions.\
(Tob) The relative viscosity *vs.* concentration of water-based solutions of GXMs isolated from *in vitro* culture of seven clinical *C. neoformans* isolates: PH4, PH9, PH13, PH14, PH17, PH31, PH48. The inset shows the same data, but horizontally shifted by an arbitrary scaling factor *β*. The lines are guides for the power laws. (Bottom) Scanning electron microscope images of rod-shaped GXM crystals obtained from clinical *C. neoformans* isolates PH9 (A) and PH13 (B). The scale bars are 25 *μm* in (A) and 50 *μm* in (B).](srep08831-f5){#f5}

![Comparison between Optical Tweezers and Ubbelohde rheological measurements.\
The relative viscosity *vs.* concentration of two GXM solutions derived from clinical isolates of *Cryptococcus* PH31 and PH48. The graph shows a comparison between measurements of *η~r~* performed with OT (filled symbols) and an Ubbelohde viscometer (open symbols).](srep08831-f6){#f6}

###### Comparison between nominal and measured molecular weights of two commercially available polyacrylamides

  \[*η*\] (*dl*/*g*)                    Equation --                      *M* (*Da*)            *M* (*Da*)
  -------------------- ---------------------------------------------- ----------------- -------------------------
  --                                     *Nominal*                         *1,500*             *1,145,000*
  0.022 ± 0.008         [Equation (5)](#m5){ref-type="disp-formula"}   **1,506 ± 685**     906, 302 ± 73, 883
  3.68 ± 0.24           [Equation (6)](#m6){ref-type="disp-formula"}    2, 066 ± 939     **1,240,000 ± 101,353**
